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NATIQIUL ADVISORY C . m  FOR AEBONAulICS 

REFLF,CTION OF SHOCK WAVES FROM SLOTTED 

WALLS AT MACH NUMBER 1.62 

By George P. Wood 

A brief  study w a s  made of the   effect  of slots in a tes t -sect ios-  
w a l l  on the ref lect ion f r o m  the wall of an +cident  oblique shock w a v e  

an interferometer Tor various  combinations of  s l o t  width, spacing, and 
,contour. The ref lect ions from the open and the closed portions of the 
w a l l ;  being at  different  angles t o  the wall, were not  superposed and, 
therefore, 'did not cancel  each  other. ' 

. . at a free-stream Mach nGber of  1.62. The ref lect ion was observed w i t h  

e 

- .  INTRODU(=TION 

When the  tests  reported  herein were made, the  use of s lo t t ed   t e s t -  
section walls had Just  been proposed ( r e f .  l), and the  investigation ' 

and developnent of the slotted-wall wind tunnel  for aerodynamic t e s t ing  
in the transonic-speed  range was beginning a t  the Langley  Laboratory. 
Although the purposes of the slotted-wall  tunnel were t o  permit tes t ing  
in the  transonic range with l e s s  wall interference and to permit  testing 
through the speed of sound without  changing  either  nozzle  or  test 
section,  there was a lso  hope that it m i g h t  be useful in  the  higher  super- 
sonic 'range. 

In supers.onic flaw, when the  surface of  a wedge is at a. ' p s i t f v e  '. 
angle w i t h  the free-stream  direction', a shock wave is-generated that 
t u x i s  the flow pa ra l l e l  w i t h  the  surface of the wedge. . When the shock 
wave is incident on the so l id  wall of the tes t   sec t ion ,   the  shock wave 
is reflected as a shock wave that turns the flow back Fnto a direction 
para l le l  w i t h -  the wall. The boundary condition is  thus  satisfied that 
the  dir-ection of flow must be pa ra l l e l  with the wall at the wall. If 
t h e   a i r  flow  take6  place in an open j e t ,  the shock wave incident  on'the 

pressure is  the same as the ambient pressure. The boundary condition 
-* boundary of t M  Je t  is reflected a s  an expansion wave behind which the 
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i s  thus satisfied that the pressure in the   j e t  a t  the jet  boundary must 
be equal  to  the'pressure  outside the je t .  If the wail is slotted, and 
thus  both  partly  closed and partly open, the reflection of a shock wave 
Incident on the wall m i g h t  be expected t o  be composed of both shock 
waves and expansion waves. 

It w a s  rea l ized  that the expansion waves would l i e  at a smaller 
angle t o  the wall than  the shock waves  and that they would probably be 
spread  out more, longitudinally,  than the- shock waves. It was fe l t ,  
however, that there might be a possibi l i ty  that some kind  of  interaction 
near  or  within  the  slots would tend t o  make the tno kind8  of waves 
cancel  each  other. The purpose  of the experiments  reported  herein was, 
therefore,  to  explore the possibi l i ty  of such wave cancellation  in a 
slotted-wall test  section.  Several,  slot widths, spacfngs, and contours 
were used in  order  to  provide  information on the  relative  effectiveness 
of  variations i n  s l o t  geometry on possible wave cancellation. 

APPARATUS 

The t e s t s  were made in  a je t  that issued from a nozzle  outlet that 
was 3 inches  square and in'which the free-stream Mach number w a s  1.62. 
The Je t  w a s  open, or  free,  on three sides and the pressure i n  the  free- 
stream was therefore  atmospheric. On the  fourth  side, a side wall of 
*he two-dimensional  nozzle was extended, and i n  this side wall the   s lots  
were located.  Figure 1 shows schematically  the  location of the  s lots  
with respect  to  .the  nozzle. The s lo ts  were made ei ther  by milling t h e m  
in  the s t e e l  side w a l l  or  by cutt-ing  out a section of the  side wall and 
replacing it with a section made up of wooden slots. Figure 2 shows 
cross  sections  of  the  various slot configurations that were used. The 
undersides  of the   s lo t s  were open to   the atmosphere. In the  free 
stream above the slots a double-wedge a i r f o i l  was supported  by a sting. 
The forward p a r t o f   t h e  lower surface of the wedge was set a t  an angle 
of attack  of 5O, and the shock w a v e  from the  leading edge was incident 
on the s lo t s .  

A Mach-Zehnder interferometer was used for making observations  of 
the flow. The f i e l d  of view of  the  interferometer i s  indicated in 
figure 1. Interferograms were taken that showed the shock wave Incident 
on the slotted  wall  and the reflection of the shock wave from the  slotted 
wall. The interferograms were used only  for  qualitative  observations, 
inasmuch as obtaining  accurate  quantitatfve  results was not  feasible. 
The principal  reasop.was that, where the sides o f t h e  shock wave intersect 
the ver t ica l  bo-undaries o f . t he  jet ,  the  pressure  behind the shock wave 
is  greater thar.atmospheric pressure; this condition  causes  expansion , 

waves t o  be propagated back into the Je t  a t  an angle t o  the je t   ax is .  
Behind these  expansion waves. the- density i s  reduced. On account  of  these - 
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.- waves, the optical  path length  through t hc j e t  varies along the ax i s  
of the jet  and, consequently,  accurate q w t i t a t i v e  analyses  of  'the 
flow appear not t o  be possible. The variation in  path length shows ~1p 
as a tllt in the fringes,  but the expansion waves that cause  the vari- 
at ion canno+, be seen, as the interferometer i s  looking a t  t h e m  broad- 

length, the density a t  any  point  cannot be compared accurately w i t h  
t* density a t  some point that i s  any appreciable distance from it in 
an axial direction.  Correct  qualitative  observations can, however, be 
made of changes that take  place  within a short distance. Shock waves 
and expansion waves can eas i ly  be recognized and thefr re la t ive  
intensity  obtained. 

? side a& not end on. Because of t h i s  axial variation in opt ica l  path 

RFSULTS AND DISCUSSION 

Figure 3 is an interferogram  taken w i t h  no fzow. The adjustment 
of  the  interferometer is such that the interference  fringes are hori- 
zontal w h e n  there is .no disturbance in the test  section. Iri the flaw 
-interferograms that are presented  subsequently, an increase in density 
at any  location  over the density a t  some reference  location is shown 
by a downward displacement  of the fringes a t  the location with respect 
to the fringes a t  the reference  location. An upward displacement  of 
the fringes a t .  any  place  Fndicates a decreased  density there. 

Figure & . i s  an interferogram  of the flow when the shock wave from 
' . the leading edge of the wedge, of which the lower surface is  a t  5O t o  

the flow, is reflected from a solid,  unslotted w a l l .  This figure shows 
that the density Jump across  both the incident and the reflected waves 
is fa i r ly   l a rge .  The Qringe shift across the waves is so large that an 
individual  fringe  cannot be followed  across  the.waves. 

- For the next test, -three -,inch-wide slots with square  corners 

and spsced 1 inch on centers  (f ig.   2(a)) were milled in the wall in the 
direction  of  flow, and the shock wave was reflected from this s lot ted 
wall; Figure 5 shows the flow pattern.  The intensit.y of the reflected 
shock wave i s  not much less than that of the shock w a v e  reflected from 
a solid  wall .  Although a s lot ted waLb that is one-eighth open has- a 
r a t i o  o f  open t o  closed  area that is  of  the  correct  order  of magnitude 
for  use in a slotted-wall,  transollric w i n d  tunnel, the r a t i o  is much too 
small for  the open area t o  cause.:* slgnificant-  reduction i n  the in tens i ty  
of reflected shock waves in supersonic'-f~ow..when a small nupber of rather 
large slots w i t h  square  corners  are--u's.ed. ..-....: 
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area would result in no .change in average density  across  the  reflection, 
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w i t h  the density  averaged  through  the jet  in a direction  perpendicular 
t o  the free-stream  flow  direction and i n  the direction  of  the light beam. 
Average density was chos.en as the quant i ty   to  be held constant  across 
the  reflection.because the interferometer  responds  to the average  density 
through the je t  and, if-there-were no change in  average  density  before 
and after the reflection,  therg.would be no fringe shift across  the 
reflect   ion.  

It is  easy  to  calculate from shock-wave  and expansion-wave theory 
that the average  density  behind the composite reflection would be the 
same as the density ahead of   the  ref lect ion i f  1.37 inches of  the  3-inch 
Je t  width is  solid wall and 1.63 inches is  open.  Across the  reflection 

. from the closed part of the wall  the  calculated densLty r a t i o  is  1.19. 
Across the reflection from the open .part of  the w a l l  the calculated 
densi ty   ra t io  i s  0.84. The calculated  ratio  of average  density  across 
the composite reflection , i s  then  unity. A slotted  wall  was prepared by 
mill ing  four  slots 0.422 inch wide in the wall. The s lo t s  were spaced 
0.654 inch on centers   ( f ig .   2(b)) .  This arrangement gave a slotted w a l l .  

- that had s l igh t ly  less solid wal1,than the amount calculated. The t o t a l  
width o f  the solid part was 1.31 inches and of the open part was 
1.69 inches. The interferogram  of the flow for  this wall is shown as 
figure 6. As . w a s  expected,  ,the shock wave  from the  closed part of the 
wall and the  expansion wave from the open part w e r e  not  superposed,  but 
the shock wave was ahead of  the expansion wave.. Figure 6 shows further 
that the  fringe shift and the  density change across  the shock wave  from 
the  closed part are   less   than  the  f r inge  shif t  and the density change 
across the  expmsibn wave from the open pmt of the wall. These resul ts  
indicate that, at least in  the region  near  the-wall, complete elimination 
of reflection  from'a  slotted wall cannot be obtained from supersonic flow, 
and that the effective width of  an open portion is greater  than i ts  geo- 
metric width. 

The . j e t  used for  the present tests was too small for  the  reflection 
from the  s lot ted wall t o  be observed at large  distances,from the wall. 
The present  tes'ts,  therefore, do not.show how mch  the  ref lect ion changes 
in   intensi ty  a t  comparatively  large  distances from the  wall.  Reference 2, 
however, indicates that--at about 3 inches from the w a l l  both  the com- 
pression and the expansion disturbances from the  slotted wall have become 
too weak t o  be vis ible  wi th  the  schl ieren  appratus  that was used for  
observing  the  flow. . .  . . "  

Instead of four  rather wide s lo ts ,   as  were used for  f igure 6 ,  a set 
of  fourteen narrow slots was also t es ted   ( f ig .   2 (c) ) .  These s lo t s  were 
0.12 inch wide and were spaced 0.22 inch on cent-ers . The to t a l   v id th  of 
the solid part was 1.32 inches and of the open part w&s 1.68 inches. The 
resulting  interferogram is  shown In f i g w e  7. The narrow slots  give the 
same qualitative r e s u l t s  as the wide ones. The expansion wave causes a 
greater  density change than  the shock wave and the shock wave i s  a t  a 
steeper  angle t o  the flow than the expansion wave. - 
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;- In a l l  the   s lo t ted-wal l   conf imt iohs  discussed 'peviously, the 
-.po&ions  of the sol id  wall between the   s lo t s  had sqi-tare contours,  but 

' three 1- inch  s lots  spaced 1 inch on centers, and the  'solid  portions ' ,  

were rounded off rzlto cfrcular   arcs  of  450, as shown in  figure 2(d) . 
An interferogram of  the flow is  shown in  figure 8. The Fn'tensity of 
the ex*sion w a v e  is about'  the same as that of  the shock mve . 
effect ive  area of the three .&-inch  s lots   ( . f ig .  8) is much greater than 

that of the three 1- lnch  square-corner slots used for figure .5. 

- rounded  and pointed  contours were also used. A wall was made with 
i 

- a .  

8 
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A slot ted w a l l  with  twenty 0:B-inch slots, spaced 0.153 &h on 
centers  (f ig.   2(e)) with the solid  portions rounded into c i r c u l a r   k c s ,  
was also used ( f ig .  9 ) .  . 

A slot ted w a l l  w i t h  twenty  0.05-inch s lo t s ,  spaced 0.155 inch on . centers  (f ig.  2( f 1 ) w i t h  the s o l i d .  portions pointed t o  form 600 angles 
was also tested (fig. 10) . 

With these last two slot configurations the area that was effect ive 
in  causing the fncident shock w a v e  t o  r e f l ec t  as an expansion wave was , 

shock wave t o  r e f l ec t  as a shock F v e ,  a s  is  shown by the strong expan- 
sion waves. Furthermore,  these expns ion  waves turn  the f l a w  into the 
s lots ,  as is  shown by the   fac t  that prac t ica l ly  a l l  the boundary layer 
goes into the s lo t s .  

. *  " _  much greater than the &re& that was effect ive in causing  the  fncident 

.I 

~ CONCLUSIONS 

The following  conclusions  can be drawn from the experfments on the 
ref lect ion firom a slot ted wall 0f.a shdck wave in supersonic f l o w :  

2. The effect ive width of an open portion w i t h  square.  coFners 
appears t o  be greater than i ts  geometric  width. 

I- 

3. Poh t ing  o r  rounding  the  solid  portions between s l o t s  makes 
the effective  area of the open portion much greater than when t?he slots 
have square corners. 
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4. The expnsion waves.and the compression waves  from a s lot ted 
w a l l  l i e  a t  different  angles  to %he wall, and, therefore, do not  cancel ' 

each  other, a t   l e a s t  in  the  vicini ty  o f  the wall which was the  only 
region  investigated. 

I 
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(a) Elevation. 
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Figure 1. - Arrangement of nozzle, alot ted wall, and wedge. 

c 

7 

I 



a I NACA RM ~52.~27 

I] U 

Figure 2. - Cross-sectional viewb of slotted-y&ll configurations. 
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Figure 3. -  Interferogram without air flow. v 
L-75114 



Figure 4. - Interferogram ahowing reflection of shock wave frm solid wall. 
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Figure 5.- Interferogmn showing reflection of shock wave f r o m  wall with 

t h r e e  - 1 - inch square s l o t s  (fig. 2 (a )  ) . L-75115 8 
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Figure 7.- Interferogram showing reflection of shock wave from wall with 
fourteen 0.22-inch square slots (fig. 2 ( c ) ) .  L-75117 . 
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F i p  8.- Interferogram showing reflection of shock wave from wall with 

. t h e e  8 - ~ n ~ h  rounded s lo t s  ( f ig .  2(d)). L-75118 
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Figure '9.-  Interferogram showing reflection o f  shock wave from wall w i t h  
twenty 0.05-inch rounded ~ 1 1 0 t s  (fig. 2(e) ) .  L-75119 
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Figwe 10.- Interferogram showing reflection of shock wave from wall with 
twenty 0.09-inch pointed d o t s  (fig. 2 ( f ) ) .  L-75120 
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